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ABSTRACT: The saw-tooth scaling investigations of work functions (WF) in hydrogenated graphene 
are theoretically performed by density functional theory. The positions of hydrogen atoms and the H/C 
ratios affect WF. With the comparison of different graphene structures by adsorbed two hydrogen atoms, 
WF is larger with less negative charges of the graphene. With different H/C ratios, WF is controlled by 
two parts: the graphene surface and hydrogen groups. When the ratio is smaller than 0.5, the work func-
tion is more dependent on the Mulliken charge of graphene. With more hydrogen atoms, the surface of 
graphene is more negative, resulting in a smaller work function. When the ratio is larger than 0.5, the 
effect of hydrogen groups cannot be ignored. When two sides of graphene have different numbers of hy-
drogen atoms, a dipole exists, making the movement of electron from Fermi level to vacuum level more 
difficult, thus WF is larger than that with the same hydrogen atoms of each side. Therefore the scaling of 
work function acts like a saw-tooth dependent on H/C ratio. 
 
Since graphene is obviously observed in 2004
1
, it has attracted tremendous interests of this new two-
dimensional  structure in nanotechnology and nanoscience
2
. Graphene has unique properties, including 
quantum hall effect
3
, intrinsic mobility
4
, and massless Dirac ferminons
4
. Its derivatives, like graphene 
oxide
5-11
, graphene nanoribbons
12-19
, hydrogenated graphene
20-22
, and composite structures
23-27
, also pro-
vide atomic understandings for the extension of graphene materials for various applications
28
.  
Graphene-based materials are ideal for flexible photonics
29-31
 and electrodes
32-33
, due to the optical 
transparent, sheet-like and conductive properties. In most electronics, work function (WF) is an essential 
parameter to evaluate the performance of the devices and to point out the way for the improvement as 
 well. For example, to fabricate a device with an Ohmic contact of graphene and other layers rather than 
Schottky one could improve its energy conversion efficiency
34-36
.  
WF is always defined as the minimum energy to move an electron away from the Fermi level to the 
vacuum level
37
 and it is also one of the parameters which can be investigated and proven by experimen-
tal and theoretical ways. In experiment, WF can be measured by Kelvin probe force microscopy
38
. In 
theory, WF can be obtained from the calculated potential distribution, which has been widely used for 
the investigations in many materials, including metals
39-40
, carbon nanotubes
41-43
, and BN sheets
44-45
.  
Here we select several hydrogenated graphene structures to investigate the functionalization dependent 
WF since with different experimental synthesis conditions
46-47
, the hydrogen atoms on the graphene sur-
face can also be controllable by patterned adsorption, and the hydrogenation near room temperature is 
achieved easier on monolayer graphene than that on bilayer graphene
48
. In this work, we investigate WF 
of hydrogenated graphene modulated by different H/C ratios to extend graphene-based materials' poten-
tials in the electronics. 
The theoretical density functional theory (DFT) calculations are performed with DMol3
49
. Local densi-
ty approximation (LDA)
50
 and Perdew-Wang (PWC) functional
51
 are used for exchange and correlation, 
and the double numeric basis with d-functions (DND) is used as the atomic basis set. The tolerance of 
density convergence in self-consistent field (SCF), energy change, force, and displacement are 1×10
-5
 
a.u., 2×10
-5
 Ha, 0.004 Ha/Å, and 0.005 Å, respectively. We choose the 3×3 graphene supercell as the 
based system. Then the structures of different numbers of hydrogen atoms connected with graphene are 
investigated. The chosen structures are schematically shown in Figure 2. All these structures are fully 
optimized. 11×11×1 is used for the Monkhorst-Pack k-point grid to sample Brillouin zone. We use a 25 
Å vacuum space along z axis where WF's value is calculated.  
Since hydrogen atoms can not only connect with different carbon atoms but also both sides of gra-
phene, we only investigate several structures, which gain low energy with the same ratios of hydro-
gen/carbon. To determine the strategies for the chosen structures, we first investigate several structures 
of two hydrogen atoms on the surfaces in Figure 1. The structures A-E with two hydrogen groups on 
both sides are shown in Figure 1 (a)-(e) respectively, while structure F of the hydrogen atoms connecting 
with the same carbon atoms as structure A but on one side of graphene is illustrated in (f). The total 
energy of each structure is calculated in Table 1 and the total of structure A is set to zero as the bench-
mark. Compared with structures A to E, A has the lowest energy and is most stable, revealing that two 
hydrogen atoms prefer to connect with two neighbored carbon atoms. With the consideration of A and F, 
 the structure with two hydrogen groups connecting with the same carbon atoms on both sides of gra-
phene is more stable. Different connections of two hydrogen groups can affect the values of WF (Table 
1). It is also noticed that the Mulliken charges of graphene surfaces are also influenced by different ad-
sorption positions (Table 1). The structure with more negative Mulliken charges of graphene has a 
smaller WF, since the movement of an electron is easier from the more negative structure. The Mulliken 
charge of graphene play an important role in the value of WF. 
 
Figure 1 (a)-(f) The structures A-F of two hydrogen atoms connecting with different positions of gra-
phene in the top- and side-view. Carbon and hydrogen atoms are colored in gray and white, respectively. 
The values are denoted as the total energy of each structure and that of structure A is set to zero. The 
green circles display the unseen connections between carbon atoms and hydrogen atoms on the back 
side. 
 
Table 1. The energies, work functions (WF) and Mulliken charges of graphene in structures A to F. The 
units of energy and work function are eV and that of charge is e. 
Structure E-EA (eV) WF (eV) Mulliken charge (e) 
A 0 4.14 -0.427 
 B 1.98 3.97 -0.524 
C 0.73 4.05 -0.498 
D 1.23 4.05 -0.488 
E 2.16 3.92 -0.551 
F 0.71 4.05 -0.482 
 
Then we study the structures with different H/C ratios to find the trend of WF. As mentioned above, 
the WF are dependent on the hydrogen positions on graphene surface and we cannot investigate all poss-
ible structures, so we only choose some more stable structures to study. Based on the discussion above, 
the choice strategies are listed: 1) hydrogen groups on both sides of graphene; 2) hydrogen groups con-
nect with the neighbored carbon atoms. Therefore, for the structures with even numbers of hydrogen 
atoms, each side of graphene combines with the same number of hydrogen groups, but the structures 
with odd numbers of hydrogen atoms possess one side gaining more hydrogen groups. The studied 18 
structures with neighbored connections on both sides of graphene are chosen and schematically shown in 
Figure 2. 
  
Figure 2. The hydrogenated graphene structures. The positions of hydrogen atoms connecting with the 
carbon atoms are denoted by red or blue dots to show the connection on the front or back side of gra-
phene. 
 
With adsorption of more hydrogen groups on the surface, the graphene becomes more negative, con-
firmed by the Mulliken charge in Table 2 and Figure 3, thus it can be considered that the trend of WF 
would be smaller with more hydrogen atoms. However, the calculated WF of the structures with differ-
ent H/C ratios (see Figure 4) is a little more complicated to explain the origination only from Mulliken 
charge. But it is also clearly shown that WF is not only dependent on the hydrogen positions, but also 
has a relation with H/C ratio. When H/C ratio is smaller than 0.5, WF mainly decreases with the increase 
of the ratio. However, when the ratio is larger than 0.5, the variation becomes severer. The whole shape 
of WF dependent on H/C ratio is like a saw-tooth scaling. If we only see the structures with odd or even 
hydrogen atoms, it seems that the WF trend of these structures (odd or even) decrease with the increase 
of H/C ratio. Then the question about the effects of odd or even hydrogen atoms is coming consequently. 
  
 
Figure 3. Mulliken charge is a function of H/C ratio. 
 
Table 2. The H/C ratio, work function (WF) and Mulliken charge of graphene in the bare graphene and 
hydrogenated graphene structures (shown in Figure 2).  
Structure H/C WF (eV) Mulliken charge (e) 
graphene 0.00 4.46 0.000 
1 0.06 4.16 -0.257 
2 0.11 4.14 -0.427 
3 0.17 3.94 -0.633 
4 0.22 3.92 -0.807 
5 0.28 3.84 -0.979 
6 0.33 3.86 -1.128 
7 0.39 3.67 -1.308 
8 0.44 3.32 -1.476 
9 0.50 3.51 -1.603 
10 0.56 2.83 -1.732 
 11 0.61 3.35 -1.845 
12 0.67 1.74 -1.956 
13 0.72 3.1 -2.056 
14 0.78 1.14 -2.161 
15 0.83 2.83 -2.255 
16 0.89 1.01 -2.346 
17 0.94 2.78 -2.399 
18 1.00 0.62 -2.466 
 
 
Figure 4 Work function is dependent on the H/C ratio. 
 
To answer this question, the electrostatic potentials of structures 17 and 18 are plotted in Figure 5. The 
vacuum level is set to zero and denoted as a green dashed line. Each carbon atom of structure 18 con-
nects with one hydrogen atom, while only one carbon atom of structure 17 does not connected with one 
hydrogen atom. Two curves of electrostatic potentials are similar due to their similar structures. The 
electrostatic potential around the middle of fractional coordinate in structure 17 is deeper than that in 
structure 18. Fermi level of structure 17 (the cyan dashed line) is also lower than that of structure 18 (the 
pink dashed line). Thus WF of structure 17 is larger than that of structure 18.  
  
 
Figure 5 Electrostatic potentials of structures 17 and 18, denoted as blue dashed and red lines. Vacuum 
level is set to zero and displayed as a green dashed line. Fermi levels for structures 17 and 18 are de-
noted as cyan and pink dashed lines. WF for two structures are also marked in cyan and pink for struc-
tures 17 and 18 respectively.  
 
Moreover, with odd hydrogen atoms, one side of graphene gains more hydrogen atoms, thus it can be 
considered that an existence of a dipole along two sides, while the structure with even hydrogen atoms, 
two sides of graphene gains the same number of hydrogen groups, resulting in no dipole. To figure out 
this dipole phenomenon, 2D deformation densities of structure 17 and 18 are plotted in Figure 6 (a) and 
(b) respectively. Deformation density
52
 is defined as the difference between the structure's charge density 
and the free atom's charge density. Then the side with more hydrogen atoms is more positive, making the 
movement of electron from Fermi level to vacuum level more difficult, therefore WF is larger than that 
with even hydrogen atoms nearby (see Figure 5). When H/C ratio is smaller than 0.5, graphene plays an 
important role in WF, but when H/C ratio is larger than 0.5, the effects of the dipole caused by odd hy-
drogen atoms cannot be ignored and it is the reason for the saw-tooth scaling of WF. 
  
Figure 6. 2D deformation density for structure (a) 17 and (b) 18. The green dashed lines in three struc-
tures are used to point out the mapping slices for deformation density. The legend of color map is shown 
on the right. The white and grey balls are denoted as hydrogen and carbon atoms. 
 
In conclusion, the saw-tooth scaling investigations of work functions in hydrogenated graphene are 
theoretically performed by density functional theory. The positions of hydrogen atoms and the H/C ratios 
affect WF. With the comparison of different graphene structures by adsorbed two hydrogen atoms, WF is 
larger with less negative Mulliken charges of the graphene. With different H/C ratios, WF is controlled 
by two parts: the graphene and hydrogen groups. When the ratio is smaller than 0.5, WF is more depen-
dent on the Mulliken charge of graphene. With more hydrogen atoms, the surface of graphene is more 
negative, resulting in a smaller work function. When the ratio is larger than 0.5, the effect of the hydro-
gen atoms cannot be ignored. When two sides of graphene have different numbers of hydrogen atoms, a 
dipole exists and then the side with more hydrogen is more positive, making the movement of electron 
from Fermi level to vacuum level more difficult, thus the work function is larger than that with the same 
hydrogen atoms of each side. Therefore the scaling of work function acts like a saw-tooth dependent on 
H/C ratio. 
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